Abstract. This study aimed at the preparation of a sustained-release 25-hydroxyvitamin D 3 (25OHD) treatment for diabetic periodontitis, a known complication of diabetes. 25OHD-loaded polylactic acid (PLA) microspheres were prepared using oil-in-water emulsion-solvent evaporation method. The prepared microspheres exhibited intact surfaces, with average sizes ranging from 42.3 to 119.4 μm. The encapsulation efficiency ranged from 79.2% (w/w) to 88.5% (w/w), and the drug content was between 15.8% (w/w) and 17.8% (w/w). Drug release from the produced microspheres followed a near-to-zeroorder release pattern and lasted over 10 weeks. In an in vitro model of diabetic periodontitis, the abnormal morphological changes and the decrease in the cell viability of bone marrow stromal cells could be effectively attenuated after the 25OHD-loaded microsphere application. Additionally, in a rat model of diabetic periodontitis, alveolar bone loss was inhibited and osteoid formation in the periodontium was promoted upon 25OHD-loaded microsphere treatment. In conclusion, 25OHD-loaded PLA microspheres may provide an effective approach for the treatment of this disease.
INTRODUCTION
Diabetes is one of the main threats to human health in the twenty-first century. It is a heterogeneous group of metabolic disorders that are characterized by hyperglycemia (1) . Both forms of diabetes, type 1 and type 2, can promote the development of periodontal disease and aggravate the severity of periodontal infections. Periodontitis superimposed on diabetes, also known as diabetic periodontitis, often causes great damage to the alveolar bone, eventually leading to tooth loss. This disease has been considered as an important complication of diabetes (2) .
It is believed that bone loss in diabetic periodontitis is strongly associated with the reduction of osteogenic cells. Bone marrow stromal cells (BMSCs) are one of the key cells that have the potential to differentiate to osteogenic cells in the periodontium. Their impaired activity and abnormal death can result in decreased bone formation (3) . Both bacterial toxin and high blood glucose cause detrimental effects on bone-forming cells and their progenitors, including BMSCs, and promote alveolar bone resorption (1, (4) (5) (6) .
It has been reported that both periodontal pathogens and hyperglycemia are crucial in the etiology of diabetic periodontitis (7) . The Gram-negative bacterium Actinobacillus actinomycetemcomitans is considered as a major causative agent of common forms of human periodontitis. It produces different toxins to cause periodontal destruction, and its co-culture with periodontal tissue cells has been chosen for mimicking periodontitis in vitro (8, 9) . A high-glucose medium has been accepted to reflect hyperglycemia in experimental diabetes research. The periodontal cells cultivated in this type of medium are widely used for investigating the change of periodontal tissues in diabetes (1, 10) . In in vivo researches, a combination of a highfat diet and streptozotocin (STZ) injection in rats is often chosen to induce diabetes models (11, 12) . This model is cost-effective and has the metabolic profile matching this human disease. Ligature placement around molars is used to establish models of periodontitis superimposed on diabetes in many studies (13, 14) . After tying ligatures, an obvious inflammatory response and tissue destruction in the periodontium can be induced in diabetic rats (13, 14) .
In recent years, 25-hydroxyvitamin D 3 (25OHD) has been found to be important for the regulation of cell proliferation and death (15, 16) . Low serum 25OHD concentrations are linked to periodontal destruction in periodontitis as well as osteoporosis in diabetes (17, 18) . In vitro experiments demonstrate the regulatory effect of 25OHD on the viability and proliferation of osteogenic cells and their progenitors, including BMSCs (19) . These studies indicate that 25OHD supplementation may impact BMSC viability in the periodontium and subsequently exert beneficial effects on diabetic periodontitis. Bone formation and maturation is generally a long-term process, and the healing of alveolar bone defect often takes over 10 weeks, especially under the condition of diabetes (20, 21) . Local application of 25OHD may keep the drug concentration and activity in periodontal tissues and reduce 25OHD degradation before it exerts biological functions in the target area. Thus, the long-period local supplementation of 25OHD in periodontal tissues has great potential in the management of diabetic periodontitis. But currently, there are few reports on the sustained delivery system for 25OHD application.
Many studies indicate that polylactic acid (PLA) formulations containing therapeutic molecules exhibit no untoward reactions, either locally or systemically, when used in therapeutic applications (22) . PLA microspheres can effectively deliver therapeutic agents in a sustained-release manner (23) . The formulation parameters of PLA microspheres, including particle size and encapsulation efficiency, can also be optimized according to the clinical demand (22) . Therefore, PLA microspheres may provide a method for prolonging the therapeutic effect of 25OHD on periodontal tissues.
Several factors have been considered to affect the properties of the produced PLA microspheres, such as PLA concentration, emulsifier polyvinyl alcohol (PVA) concentration, and homogenizer speed in oil-in-water (o/w) emulsion-solvent evaporation method. Their alteration can contribute to changes in particle size, encapsulation efficiency, drug release, etc. In this work, we investigated the preparation of 25OHD-loaded PLA microspheres with optimized characteristics and evaluated the biological effect of this delivery system on both in vitro and in vivo diabetic periodontitis models.
MATERIALS AND METHODS

Materials
STZ, 25OHD, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich, Inc. (St. Louis, MO). PLA (molecular weight, 200,000 Da) and PVA (partially hydrolyzed; degree of hydrolysis, 88%) were from Daigang Biomaterial Co. Ltd. (Jinan, China). Brain heart infusion broth was from Becton Dickinson and Company (Sparks, MD). Alpha-minimum essential medium (α-MEM) was from GibcoBRL (Grand Island, NY).
Preparation of the Microspheres
Microspheres were prepared using o/w emulsion-solvent evaporation method as previously reported (24) . Different weights of PLA were dissolved in 5 mL of dichloromethane to make solutions of 4-8% (w/v). Amounts of 25OHD were dissolved in the organic phase to make a drug/PLA ratio of 1:4. Then, the organic phase was added to 100 mL aqueous solution of PVA and stirred at 800-1,000 rpm for 3 h. The produced microspheres were collected by centrifugation at 6,000 rpm, washed thrice with distilled water, and lyophilized overnight. Drug-free microspheres were prepared with the same procedure without 25OHD addition.
Characterization of the Microspheres
Morphology of Microspheres
Lyophilized microspheres were examined using a scanning electron microscope (SEM; Jeol JSM-5400 LV, Jeol Ltd., Tokyo, Japan).
Yield of Microspheres
The produced microspheres were collected by centrifugation, lyophilized, and weighed. The yield was calculated as follows (25) : % Yield ¼ ðWeight of microspheresÞ= ðTheoretical weight of microspheresÞ Â 100
Microsphere Size Analysis
The size distribution of microspheres was investigated using a Mastersizer S laser diffractmeter (Malvern Instruments, Malvern, Worcestershire, UK). The particle size of the microspheres was described as the average diameter. The equivalent volume diameters at 90% (D 90 ), 50% (D 50 ), and 10% (D 10 ) cumulative volumes were examined, respectively, and the mean diameter was taken as the average of the D 10 , D 50 , and D 90 values. Span value was calculated as follows (26):
Drug Content and Encapsulation Efficiency
Amounts of the prepared microspheres were dissolved in 20 mL dichloromethane and 25OHD was analyzed using a UV/Vis spectrophotometer (U-3900H, Hitachi, Chiyodaku, Japan) at 265 nm. Drug-free microspheres were subjected to the same procedure; the resulting solution was used as a blank.
Drug content (in percent w/w) and encapsulation efficiency (in percent) were calculated using the following formulae, respectively (27, 28) :
ðTheoretical amount of drug in microspheresÞ Â 100:
Release Study
Ten-milligram 25OHD-loaded microspheres were suspended in 6 mL phosphate-buffered saline (PBS, pH 7.4) in tubes under constant shaking at 60 rpm at 37°C. The release experiments were carried out as previously reported (29) . Drug-free microspheres were subjected to the same procedure, and the supernatant was used as the blank at the same time intervals. The drug release test lasted 10 weeks.
Microsphere Degradation Morphology and pH Measurement
Ten-milligram prepared microspheres from formula 3 was placed in 6 mL PBS (pH 7.4) and shaken at 60 rpm at 37°C. At predetermined time intervals, degradation pH values were detected and the PBS containing microspheres were centrifuged at 3,000 rpm. The residue was collected and investigated using SEM.
25OHD-Loaded Microspheres Applied in an In Vitro Diabetic Periodontitis Model
Cell Isolation and Culture
BMSCs were obtained from male Wistar Hanover rats (100-120 g; Experimental Animal Laboratory of Sichuan University) following the Guidelines for Care and Use of Laboratory Animals in Sichuan University. The femora and tibiae were dissected from rats and cell isolation and culture in α-MEM with antibiotics was carried out as previously reported (30) . All cells were incubated at 37°C under an atmosphere of 5% CO 2 . The medium was changed every 3 days and cells were used at passage 3.
In Vitro Diabetic Periodontitis Model and Microsphere Application
One week before the establishment of a diabetic periodontitis-like environment, all media used were changed to those without antibiotics. Afterwards, BMSCs were seeded in six-well plates (10 4 cells/well) and grown under standard cell culture conditions. These cells were divided into different groups as follows: normal control (N); diabetic periodontitis without treatment (DPW); and diabetic periodontitis with different concentrations (1 × 10 −2 , 1.5×10 −2 , 2×10 −2 , 2.5×10 −2 , 3×10 −2 , and 3.5× 10 −2 g/L microspheres in the medium, respectively) of drug-free or 25OHD-loaded microspheres (DPF1, DPF1.5, DPF2, DPF2.5, DPF3, DPF3.5, DPV1, DPV1.5, D P V 2 , D P V 2 . 5 , D P V 3 , a n d D P V 3 . 5 ) . A . actinomycetemcomitans strain ATCC 29522 was obtained from the State Key Laboratory of Oral Diseases of Sichuan University (Chengdu, China). Addition of A. actinomycetemcomitans at a multiplicity of infection (bacteria to cells) of 10:1 in all diabetic periodontitis groups was followed to simulate periodontal infection (31) . After incubation with A. actinomycetemcomitans, the BMSCs in these groups were washed three times with PBS and cultured in high-glucose medium with 12 mmol/L D-(+)-glucose to mimic the local microenvironment of diabetes (1) . Cells in the N group were maintained in the normal standard medium. Then, the media of the groups with drug-free or 25OHD microsphere treatment were supplemented with corresponding microspheres from formula 3 and maintained for 3 days of culture.
Cell Morphology Examination and MTT Assay
After 3 days of culture with microspheres, the BMSCs in all groups were washed with PBS and examined using a digital microscope camera (Leica MZ FLIII, Leica, Wetzlar, Germany). Then, an MTT assay was used to determine the cell viability.
25OHD-Loaded Microsphere Applied in an In Vivo Diabetic Periodontitis Model
Experimental Design
Forty male Wistar Hanover rats (160-180 g) were purchased from Dossy Co. (Chengdu, China). Animal treatment was approved by the institutional committee for animal use and care in Sichuan University. All rats were housed at a constant temperature (22°C) with humidity of 45-55% in a 12-h light/dark cycle. They were randomly divided into N, DPW, diabetic periodontitis with drug-free microsphere treatment (DPF), and diabetic periodontitis with 25OHD-loaded microsphere treatment (DPV) groups. There were ten rats in each group.
Diabetic Periodontitis Rat Model and Microsphere Application In Vivo
Control rats were fed low-fat food (12 kcal% fat; Dossy Co.). Rats in the DPW, DPF, and DPV groups were fed highfat food (58 kcal% fat; Dossy Co.) for 2 weeks and then were fasted for 12 h before a single intraperitoneal injection of STZ (35 mg/kg). Blood from the rat vein tails was collected 1 week after STZ treatment and used to determine the fasting blood glucose. Rats with a fasting blood glucose level above 13.89 mmol/L were considered diabetic (12) . After confirmation of diabetes, all rats consumed the low-fat food and periodontitis was induced by tying silk ligatures around both maxillary second molars in the DPW, DPF, and DPV groups (13) . Four weeks after ligature placement, ligatures were removed and the periodontal pocket depth of the maxillary second molars was assessed using a periodontal probe. DPF and DPV rats were treated with corresponding microspheres from formula 3. These microspheres were placed into the periodontal pockets at a dose of 1 mg/mm pocket depth.
Fasting Blood Glucose Test
The rat tail veins were pierced with a needle. Blood from the tails was harvested 1 week after STZ treatment and at killing and was used to determine the fasting blood glucose level using a glucometer (OneTouch Glucometer, LifeScan, Milpitas, CA).
Histological Analysis of the Periodontium
All rats were killed 10 weeks after microsphere treatment. Rat maxillae were harvested at killing. Then, they were fixed in 4% paraformaldehyde, decalcified in 10% EDTA, and embedded in paraffin (14) . Thin sections (5 μm) were cut and detected using hematoxylin and eosin (H&E) staining. The mid-interproximal region between the first and second maxillary molars was examined in each specimen, and bone loss and areas of osteoid formation were assessed as previously reported (14, 32) . Both sides of the maxillae were investigated; the averages of these measurements of both sides were calculated to represent the sample.
Statistical Analysis
Data were calculated and shown as the mean±SD. Differences in parameter mean values were analyzed using one-way analysis of variance followed by SNK-q multiple comparisons. Statistical significance was defined as P<0.05.
RESULTS AND DISCUSSION
Morphological Characteristics and Microsphere Size SEM photographs of the prepared 25OHD-loaded microspheres with different formulation parameters were shown in Fig. 1 . These microspheres were spherical in shape with intact surfaces.
The characteristics of the drug-loaded PLA microparticles with different formulation parameters, including homogenizer speed, PVA concentration, and PLA concentration, were summarized in Table I . The average size of 25OHD-PLA microspheres decreased as the homogenizer speed increased. The explanation may be that higher homogenizer speeds lead to a more vigorous stirring of PLA particles and provide the force to separate the particles (33) . The microsphere mean size became lager as the PVA concentration decreased. This result was in agreement with the literature (33, 34) . As the PVA concentrations decrease, the surfactants are less likely to form tighter micelles around the PLA microspheres, hence making their size greater. It was also seen in Table I that the average size was increased with elevated PLA concentration. Lower polymer concentrations are considered to make the polymer molecules further apart before synthesis and result in smaller particle sizes (33) .
The span value is often chosen to indicate the uniformity of microsphere sizes from different formulae. The higher the span value, the lower the uniformity of the size distribution (35) . The span values ranged from 1.03 to 2.28 in this experiment; the microspheres produced at lower homogenizer speeds exhibited increased span values (Table I) . It could be explained on the basis that lower homogenizer speeds reduced the shearing action, resulting in larger droplets during the emulsification and, consequently, more microspheres with larger sizes.
Yield, Drug Content, and Encapsulation Efficiency
The yield, drug content, and encapsulation efficiency of the 25OHD-loaded PLA microspheres produced with different formulae were presented in Table I . The production yield ranged from 61.3% to 78.4%. Processing of the drug-loaded PLA microspheres at a higher homogenizer speed provided a lower yield. This might be explained partly by the difficulty in collecting the produced small particles.
It was observed in Table I that the homogenizer speed, PVA concentration, and PLA concentration affected the encapsulation efficiency of the microspheres as well as the drug content. As the homogenizer speed increased, the encapsulation efficiency decreased. It has been reported that drug crystals could be dispersed and suspended in the oil phase (29) . As the average microsphere size became smaller, the size range of drug crystals suitable to be encapsulated might become narrower, so lower encapsulation efficiency was observed (29) . When the PVA concentration was reduced, the encapsulation efficiency was enhanced, as shown in Table I . This increase in encapsulation efficiency might be associated with the enhanced microsphere size when a lower PVA concentration was employed. It was also seen that the encapsulation efficiency was elevated with increased PLA concentration. The larger microsphere size resulting from higher PLA concentrations may improve the encapsulation efficiency. On the other hand, efficiency elevation may be associated with the enhanced amount of the added 25OHD, to make the drug/ PLA ratio constant.
In Vitro Drug Release
25OHD release from the PLA microspheres followed a near-to-zero-order release pattern. The process of drug release lasted over 10 weeks (Fig. 2) . It is known that the degradation of the PLA microparticles includes water penetration into the microsphere matrix and the following bulk erosion. As the erosion progresses, the matrix porosity increases and the encapsulated drug release by diffusion occurs Fig. 1 . Images of microspheres obtained using scanning electron microscopy. a-g Microparticles from formulae 1-7, respectively (36) . Drugs can be slowly released with gradual degradation of the PLA microspheres. The initial burst drug release was largely due to the 25OHD located on the surface layer.
The release properties of the produced microspheres were optimized with the adjusted formulation parameters. It was seen in Fig. 2 that the microparticles prepared at higher stirring speeds had greater drug release in the initial burst period. It might be attributed to the increase in specific surface area with the decrease in microsphere size. However, a lower speed increases the drug content, and increasing drug release causes more pores in the microsphere matrix, resulting in an enhanced degradation and release rate. Hence, the microspheres prepared at a lower homogenizer speed exhibited faster 25OHD release after the initial burst period and a more cumulative release at the end of the experiment. But the path for the drug diffusion to the external phase increases with greater microsphere size (29), contributing to delayed drug diffusion. This effect might outweigh the rapid release resulting from the elevated drug content, so 25OHD release remained slow during the degradation of microspheres from formula 1. As shown in Fig. 2 , the PVA concentration also influenced the release pattern. When lower PVA concentrations are used, the microsphere size becomes lager, resulting in longer drug diffusion paths and an initially slow 25OHD release. However, a reduced PVA concentration can improve drug content, leading to the increase in degradation and release rate (29) . Therefore, the microspheres produced at lower PVA concentrations showed increasing drug release after the initial burst period and a more cumulative release in the subsequent period. Furthermore, PLA concentration was another factor that could alter the release pattern (Fig. 2) .
Hindered 25OHD release could be seen with enhanced polymer concentration. Other researchers have found that the microsphere matrix becomes denser when higher polymer concentrations are used (36) . Drug migration to the microsphere surface can be slowed down with the increase in matrix density.
It is believed that the increase in polymer molecular weight often decreases microsphere degradation and, therefore, drug release rate (37) . However, in this study, some microspheres of high-molecular-weight PLA exhibited a relatively short degradation duration and released almost all of the encapsulated 25OHD in 10 weeks. The explanation could be as follows: These microspheres were fabricated at a relatively high PVA concentration. Some residual PVA might exist in the microspheres, leading to the decreased crystallinity of PLA and the enhanced hydrophilicity of microspheres, therefore accelerating the degradation. Additionally, these microspheres had many pores and channels left by evaporation in the matrix, which could increase the drug diffusion and microsphere degradation. Furthermore, the small-sized microspheres had lager specific surface areas, which also promoted degradation and drug release.
Microsphere Degradation and pH Measurement
The degradation of drug-loaded PLA microspheres was assessed using SEM (Fig. 3) . The initial morphological change was the increased surface roughness. The microsphere surface was much rougher with more fossea and pores after 28-day degradation. The microspheres exhibited a marked surface erosion and pitting after 56-day incubation, and some of them lost their spherical shapes. On the 70th day, the microspheres were obviously crumpled and collapsed. Additionally, the profile of pH changes in the degradation medium (Fig. 3) showed that the medium pH began to drop slightly after 14 days. A more obvious pH decrease started after 28 days. At the end of the degradation experiment, the medium pH dropped by approximately 0.3. The degradation of PLA has been described by hydration, followed by ester bond hydrolysis, and subsequent molecular weight decrease and microspherical weight loss (38) . It takes time for water to permeate into the matrix, so the cleavage of the polymer chains inside the matrix bulk by hydrolysis or large amounts of production of acidic shorterchain moieties do not occur in the early stage. The acidic products are entrapped within the polymer bulk in this stage, so the pH decrease of the degradation medium is not obvious. As the oligomer fraction continues to form and becomes soluble in the aqueous medium, more polymer chains cleave and more trapped acidic fractions migrate to the external aqueous phase, resulting in the noticeable decrease in medium pH (36) .
Effects of the Produced Microspheres on the In Vitro Diabetic Periodontitis Model
Periodontal lesions caused by periodontitis are usually smallsized, leaving limited space for the drug-loaded material application in the treatment. The microspheres from formula 3 had the smallest average diameter and were more suitable for clinical application, so they were chosen in the experiment on the diabetic periodontitis model. High glucose and A. actinomycetemcomitans have been found to be crucial in the onset and development of diabetic periodontitis (7) . Periodontal cells cultivated in highglucose medium are widely used for studying the periodontal lesion under the condition of diabetes (1,10); these cells, cocultured with A. actinomycetemcomitans, have also been accepted for establishing periodontitis models in vitro (8, 9) . Thus, BMSCs cultured with A. actinomycetemcomitans in the high-glucose medium were chosen to establish an in vitro diabetic periodontitis model.
As shown in Fig. 4 , infection with A. actinomycetemcomitans in the high-glucose medium caused morphological alterations of the BMSCs, such as cell shrinkage and detachment. These changes were obvious, with a marked decrease in cell number and increase in apoptotic fractions in the DPW group and the groups with drug-free microsphere treatment. A significant reduction in cell viability was also seen in these groups in the MTT test compared with the N group. The results indicated the negative effect of this diabetic periodontitis-like environment on BMSCs. These findings were also consistent with other reports on the effect of bacterial infection or hyperglycemia on periodontal cells (6, 8, 39) .
T h e m o r p h o l o g y a n d v i a b i l i t y o f t h e A . actinomycetemcomitans-infected BMSCs in the diabetic-like environment were influenced by 25OHD-loaded microspheres (Fig. 4) . As the concentration of 25OHD-loaded microspheres was enhanced from 1×10 −2 to 2.5×10 −2 g/L in the medium, abnormal cell changes caused by the diabetic periodontitis-like environment were attenuated. There was no significant difference in cell viability among the DPW, DPV1, and DPV1.5 groups. When this in vitro model of diabetic periodontitis was treated with 2.5 × 10 −2 g/L 25OHD-loaded microspheres, high cell viability was observed. Meanwhile, cell shrinkage and structure destruction were greatly improved in the DPV2.5 group. Research on peritoneal mesothelial cells demonstrates that activated 25OHD can reverse the inhibition of cell viability Fig. 3 . 25OHD-loaded microspheres produced at 0.4% PVA (w/v), 4% PLA (w/v), and 1,000 rpm (formula 3) were incubated in PBS (pH 7.4) at 37°C; images of degradation were obtained using scanning electron microscopy. a-e Microspheres after incubation for 0, 7, 28, 56, and 70 days, respectively. f Degradation medium pH and the increase in cell apoptosis by high glucose plus the main toxin of A. actinomycetemcomitans (40) . Other studies have also shown that 25OHD inhibits abnormal cell death caused by oxidative stress and other apoptosis stimulations, which can result from hyperglycemia or infection (41, 42) . These findings suggest that 25OHD microspheres may improve diabetic periodontitis through protecting BMSCs against demise caused by infection and high glucose. The results of this work further demonstrated that 25OHD could exert a protective function on BMSCs only when the drug released from microspheres reached certain concentrations. The therapeutic effect of sustained 25OHD supplementation could be obtained through changing the initial amount of 25OHD-loaded microspheres.
When the concentration of the drug-loaded microsphere was enhanced to 3×10 −2 and 3.5× 10 −2 g/L, however, the beneficial effect of these microparticles was weakened. More cell apoptotic fractions and decreasing viability were found in the DPV3 and DPV3.5 groups compared with the DPV2.5 group (Fig. 4) . These observations indicated that an overdose of 25OHD had detrimental impacts on BMSCs, as previously reported (19) . Thus, the amount of 25OHD-loaded microspheres should be further adjusted in clinical applications.
Effects of the Produced Microspheres on the In Vivo Diabetic Periodontitis Model
Fasting Blood Glucose of the Rats with Diabetic Periodontitis
The fasting blood glucose levels of all rats were measured and shown in Fig. 5 . One week after STZ injection, the DPW, DPF, and DPV groups exhibited hyperglycemia (fasting blood glucose level above 13.89 mmol/L) after a 10-h fast compared to the N group, demonstrating that the diabetic model was established. The DPW, DPF, and DPV groups had significantly higher fasting blood glucose levels than the N group at killing, and there was no considerable difference among the three diabetic groups. There have been reports that systemic supplementation of vitamin D improves glycemic control in diabetic animals and attenuates diabetes in humans (43, 44) . However, the data in this experiment showed no effect of local 25OHD-loaded microsphere application on the glycemic level in diabetic rats. The possible explanation could be that 25OHD released from the microsphere was mainly located and metabolized in the periodontium and could not result in the effective serum concentration to influence the blood glucose. 
Effects of the Produced Microspheres on the Alveolar Bone
As shown in Fig. 6 , bone loss was induced in all rats with diabetic periodontitis, as evidenced by an increase in the distance from the cemento-enamel junction to the highest peak of the interproximal bone. According to previous reports, placement of ligatures around animal molars facilitates bacterial invasion of the periodontium, so it has been accepted to induce periodontitis in both diabetic and non-diabetic rats (14, 45) . In this experiment, bone loss was dramatically decreased in DPV rats compared to diabetic periodontitis rats without 25OHD-loaded microsphere treatment (DPW and DPF rats), while it did not significantly differ between DPW and DPF rats (Fig. 6 ). This observation may be attributed to the sustained release of 25OHD from the microspheres. As the stable metabolite of vitamin D in the body, 25OHD regulates the viability and proliferation of osteogenic progenitors and subsequently affects the maintenance of bone mass (19) . Metabolites of vitamin D can be inactivated by various tissue cells, so vitamin D supplementation is often of long period in the management of chronic diseases (46, 47) . Current clinical trials have shown the improvement of periodontitis by longterm oral vitamin D supplementation (48, 49) . Our previous study has also demonstrated the amelioration of alveolar bone loss in diabetic periodontitis with 8-week intraperitoneal supplementation of 25OHD (43) .
Bone formation is usually coupled with bone resorption and limits net bone loss under the condition of periodontal inflammation. The area of osteoid is an important bone formation-related parameter and often chosen to assess the protective effect of drugs on bone loss. As shown in Fig. 6 , the amount of osteoid formation was lower in the three groups with diabetic periodontitis than in the normal group, but it was higher in DPV rats compared to DPW or DPF rats. Our results indicated the promotion of periodontal bone regeneration by 25OHD-loaded microspheres in diabetic periodontitis. There has been evidence that vitamin D metabolites not only inhibit Fig. 5 . Fasting blood glucose levels of N, DPW, DPF, and DPV rats measured 1 week after STZ treatment and at killing. Data are presented as the mean±SD (n010). *P<0.05; **P<0.01 Fig. 6 . Mid-interproximal region between the first and second maxillary molars examined in each rat specimen. Bone loss was determined as the distance between the cemento-enamel junction (dotted arrow) and the highest peak of the interproximal bone (solid arrow) a. Alveolar bone loss b and the area of osteoid formation c were measured in H&E-stained sections. *P<0.05; **P <0.01. Data represent the mean±SD (n010) the apoptosis of osteogenic progenitors under the high-glucose condition but also promote bone-forming cell differentiation, contributing to more bone formation (19) . In this study, there was no significant difference of the area between DPW and DPF rats, suggesting no effect of the PLA microsphere matrix on periodontal bone repair.
CONCLUSIONS
A long-term 25OHD delivery system is successfully prepared using an o/w emulsion-solvent evaporation technique. The formulation parameters could be adjusted to obtain microspheres with an average diameter of about 42 μm and an encapsulation efficiency of about 80%. Drug release from the prepared microspheres was almost steady during the experiment. These particles could protect BMSCs in a diabetic periodontitis-like environment and prevent alveolar bone loss in a rat model of diabetic periodontitis. This system may provide a potential approach in the treatment of this disease.
